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HIGHLIGHTS 


►  A  high  oxidation  current  in  glycerol  electro-oxidation  was  observed  at  250  °C. 

►  High  selectivity  for  CO2  production  was  obtained  at  250  °C. 

►  C-C  bond  dissociation  ratio  reached  70-80%  at  both  low  and  high  potentials. 

►  Stable  operation  during  glycerol  electro-oxidation  at  around  250  °C  requires  a  high  S/C  ratio. 

►  The  present  observations  provide  strategies  for  the  effective  operation  of  DAFCs. 
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The  electro-oxidation  of  glycerol  on  a  carbon-supported  platinum  catalyst  (Pt/C)  in  combination  with 
a  reaction  products  analysis  was  investigated  at  intermediate  temperatures  (235-260  °C)  using  a  single 
cell  with  a  CSH2PO4  proton  conducting  solid  electrolyte.  A  high  current  density  was  achieved.  The  main 
products  were  H2,  C02  and  CO  but  the  formation  of  C2  compounds,  such  as  glycolic  acid  and  ethane,  was 
also  observed.  In  addition,  several  C3  compounds  were  detected  as  minor  products.  A  reaction  products 
analysis  revealed  that  the  C-C  bond  dissociation  ratio  of  glycerol  was  70-80%  at  both  low  and  high 
potentials  (>200  mV  vs.  reversible  hydrogen  electrode)  at  250  °C,  suggesting  that  rapid  dissociation 
occurs  on  Pt/C.  The  reaction  products  analysis  also  suggested  that  hydrogen  production  via  thermal 
decomposition  and/or  steam  reforming  of  glycerol  (indirect  path)  and  direct  electro-oxidation  of  glycerol 
(direct  path)  proceed  in  parallel.  More  detailed  reaction  paths  involving  Cl,  C2  and  C3  reaction  products 
are  discussed  as  well  as  the  possible  rate-determining  step  in  glycerol  electro-oxidation  at  intermediate 
temperatures. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Development  of  new  power  generation  technology  and  relevant 
alternative  fuels  are  increasingly  important  issues  in  the  search  for 
feasible  ways  to  address  the  growth  in  global  energy  demand.  A 
direct  alcohol  fuel  cell  (DAFC),  which  can  adapt  to  diverse  fuels,  is 
an  effective  energy  conversion  technology  for  generating  electricity 
from  various  small  organic  molecules.  Currently,  glycerol  is 
attracting  considerable  attention  because  it  is  obtained  as  a  by¬ 
product  of  biodiesel  production  [1]  and,  because  annual  biodiesel 
production  is  expected  to  increase,  the  production  of  glycerol  may 
exceed  demand.  Therefore,  possible  uses  for  the  excess  amount  of 
glycerol  should  be  investigated.  Glycerol  has  a  high  energy  density 
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(6.26  kWh  L_1)  and  is  also  non-toxic,  non-flammable,  and  non¬ 
volatile,  which  are  ideal  properties  for  a  wide  variety  of  power 
applications  [2], 

The  electro-oxidation  of  glycerol  has  been  investigated  at 
relatively  low  temperatures  in  acidic  media  [3—9],  alkaline  media 
[3,9-12]  and  at  near  neutral  pH  [13].  The  previous  studies  indicate 
that  glycerol  is  not  completely  oxidized  to  CO2  at  around  room 
temperature  in  either  acidic  or  alkaline  media  because  of  slow 
electro-oxidation  kinetics  and  the  high  energy  barrier  for  C— C 
bond  dissociation.  A  recent  differential  electrochemical  mass 
spectroscopic  (DEMS)  study  of  glycerol  electro-oxidation  on  plat¬ 
inum  in  an  H2SO4  solution  found  that  the  contribution  of  C02 
formation  to  the  overall  Faradaic  current  (i.e.,  CO2  current  effi¬ 
ciency)  was  only  about  3—5%  at  around  600—700  mV  [6].  The 
formation  of  partial  oxidation  products  (C3  products)  such  as 
glyceraldehyde  and  glyceric  acid  has  also  been  reported  by  means 
of  DEMS  [6]  and  liquid  chromatography  [3]  in  an  acetic  medium. 
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In  addition,  glycerol  electro-oxidation  involves  the  formation  of 
surface-bonded  CO  in  both  acidic  [6]  and  alkaline  media  [10,12], 
Those  results  suggest  that  C-C  bond  dissociation  and  subsequent 
oxidation  of  adsorbed  CO  may  determine  the  reaction  rate  and 
selectivity  during  glycerol  electro-oxidation. 

To  achieve  total  oxidation  of  glycerol  to  CO2  and  accelerate  the 
rate  of  electro-oxidation,  one  effective  means  is  to  raise  the  reaction 
temperature.  Recently,  we  reported  electro-oxidation  of  C2  alco¬ 
hols,  ethanol  and  ethylene  glycol,  on  carbon  supported  platinum 
(Pt/C)  at  around  250  °C  [14,15],  wherein  the  dominant  products 
from  ethanol  were  CO2  and  CH4  and  those  for  ethylene  glycol  were 
C02  and  CO.  Furthermore,  the  C— C  bond  dissociation  ratio  was 
found  to  be  higher  than  90%  [14]  and  95%  [15]  for  ethanol  and 
ethylene  glycol,  respectively.  At  an  intermediate  temperature  of 
about  250  °C,  therefore,  activation  of  the  dominant  reaction  steps  in 
glycerol  electro-oxidation,  such  as  C— C  bond  dissociation  and 
subsequent  oxidation  of  adsorbates,  would  be  expected.  Improve¬ 
ments  of  slow  kinetics  and  incomplete  total  oxidation  of  glycerol 
will  provide  a  strategy  for  the  effective  use  of  a  variety  of  alcohol 
fuels  in  DAFCs. 

This  work  is  the  first  report  on  the  electro-oxidation  of  glycerol 
(C3  polyalcohol)  on  Pt/C  at  intermediate  temperatures  (235-260  °C), 
performed  with  an  intermediate  temperature  fuel  cell  (ITFC)  using 
a  proton  conducting  oxyacid  solid  electrolyte,  cesium  dihydrogen 
phosphate  (CDP:  CSH2PO4).  CDP  has  a  high  proton  conductivity  at 
intermediate  temperatures  (>10-2  S  cm-1  at  250  °C)  under  an  ap¬ 
propriate  humidified  condition  [16-18].  To  understand  the  mecha¬ 
nism  of  glycerol  electro-oxidation  at  intermediate  temperatures,  we 
conducted  an  analysis  of  reaction  products  and  electrode  kinetics. 
Because  glycerol  oxidation  involves  Cl,  C2  and  C3  reaction  products, 
the  reaction  route  may  be  more  complex  than  for  Cl  and  C2 
alcohols  such  as  methanol,  ethanol  and  ethylene  glycol:  (1) 
Glycerol  ->  partially  oxidized  C3  products;  (2)  Glycerol  ->  Cl  +  C2 
products  after  C— C  bond  dissociation;  (3)  hydrogen  production  via 
thermal  decomposition  and  steam  reforming  of  glycerol.  In  this 
study,  we  attempted  to  detect  Cl,  C2  and  C3  carbonaceous  species 
formed  during  glycerol  electro-oxidation  by  gas  and  liquid  chroma¬ 
tography.  The  results  provide  new  insights  into  polyalcohol  electro¬ 
oxidation  mechanism  and  demonstrate  the  advantages  of  DAFCs 
operating  at  intermediate  temperatures. 

2.  Experimental 

2.1.  Preparation  of  the  single  cell 

Electrochemical  measurements  of  glycerol  electro-oxidation  in 
the  gas  phase  were  performed  with  a  single  cell  fabricated  with 
a  Pt/C  electrode  and  CSH2PO4  solid  electrolyte.  Fabrication  proce¬ 
dure  of  the  single  cell  followed  that  described  in  our  previous 
studies  [14,15,19],  A  Pt/C  electrode  was  prepared  from  a  commercial 
carbon-supported  platinum  catalyst  (Pt/C,  46  wt%-Pt,  Tanaka 
Kikinzoku  Kogyo,  Japan).  A  slurry  of  Pt/C  catalyst  powder  and 
polytetrafluoroethylene  (PTFE,  Polyflon  D-2CE,  Daikin  Ind.,  Japan) 
in  water,  prepared  by  ultrasonic  treatment,  was  spread  on  a  carbon 
paper  (EC-TP1-060T,  thickness:  190  pm,  Toray  Industries,  Japan) 
and  then  sintered  in  a  1%  H2/99%  Ar  atmosphere  at  360  °C  over  2  h. 
Pt  loading  onto  the  resultant  Pt/C  electrodes  was  2  mg  cm-2.  The 
single  cell  was  fabricated  with  the  Pt/C  electrodes  and  pelletized 
CsH2P04/Si02  composite  electrolytes  (SiC^:  1  wt%).  To  enhance 
mechanical  stability,  SiC>2  powder  (AZ-204,  Nippon  Silica  Industrial, 
Japan)  was  added  to  CsH2PC>4  (Soekawa  Chemicals,  Japan)  to  make 
a  CsH2PC>4/Si02  composite  electrolyte  by  the  evaporation-to- 
dryness  method  [20],  The  prepared  composite  powder  was 
pressed  uniaxially  at  4  t  cm-2  to  form  a  solid  electrolyte  pellet 
(diameter:  20  mm;  thickness:  ca.  1  mm).  Pt/C  electrodes  infiltrated 


with  a  saturated  CSH2PO4  solution  were  attached  to  both  sides  of 
the  electrolyte  pellet  as  working  and  counter  electrodes  on  a  hot 
plate  heated  at  150  °C.  The  geometric  area  of  both  working  and 
counter  electrodes  was  0.57  cm  2.  A  reference  electrode  (Pt/C)  was 
also  attached  to  the  side  of  the  counter  electrode. 

2.2.  Electrochemical  measurement  with  reaction  products  analysis 

Electrochemical  measurements  combined  with  reaction  product 
analyses  were  performed.  The  single  cell  was  set  in  a  Pyrex  glass 
tube,  which  was  placed  in  a  thermostatic  chamber,  and  a  gaseous 
mixture  of  glycerol  (purity  >  99.0%,  Wako  Pure  Chemical  Industries, 
Ltd.,  Japan),  H20  (Milli-Q  water)  and  Ar  (purity  >  99.99%)  (typical 
molar  ratio  =  1:80:19  for  glycerol:water:Ar)  was  fed  into  the 
working  electrode  side.  Glycerol  solution  was  supplied  by  a  micro¬ 
syringe  feeder.  The  feed  solution  was  vaporized  and  mixed  with  Ar  in 
a  vaporizer  and  then  supplied  continuously  to  the  working  elec¬ 
trode.  A  typical  flow  rate  was  32  ml  min-1  (seem).  A  gaseous  mixture 
of  H2  and  H2O  (molar  ratio  =  49:51)  was  fed  into  the  counter  and 
reference  electrodes  side.  The  influence  of  hydrogen  leakage  from 
the  counter  electrode  side  to  the  working  electrode  side  was 
confirmed  to  be  negligible  through  an  electrochemical  method,  the 
detail  ofwhich  is  described  elsewhere  [14],  Humidification  was  also 
necessary  to  prevent  dehydration  of  the  CSH2PO4  [21  ].  The  electrode 
potentials  in  this  study  were  defined  with  respect  to  the  reversible 
hydrogen  electrode  (RHE)  and  were  iR-corrected.  The  potentials  of 
the  reference  electrode  were  referenced  to  the  RHE  with  1  atm  of 
hydrogen  (i.e.,  0  V  vs.  RHE,  conditions:  1  atm  of  hydrogen  at  oper¬ 
ating  temperature).  The  resistance  of  each  solid  electrolyte  was 
evaluated  by  alternating  current  (ac)  impedance  spectroscopic 
measurements  at  1  kHz  to  correct  for  the  iR-loss.  Electrochemical 
measurements  with  a  three-electrode  system  were  conducted  using 
Autolab  PGSTAT  30  with  a  frequency  response  analyzer  module, 
FRA2  (Eco  Chemie  B.  V.,  Netherlands).  Cyclic  voltammetry  was 
conducted  at  a  sweep  rate  of  1  mV  s-1. 

A  reaction  products  analysis  of  glycerol  electro-oxidation  was 
conducted  with  constant  anodic  polarizations  under  steady  state 
conditions.  Gaseous  and  liquid  products  were  separated  with  a  cold 
trap.  The  gaseous  products  were  then  analyzed  with  a  gas  chro¬ 
matograph,  GC-8A  (Shimadzu  Co.,  Japan),  equipped  with  a  thermal 
conductivity  detector  (TCD)  and  a  packed  column,  Shincarbon  ST 
(Shinwa  Chemical  Ind.,  Japan).  The  liquid  products  were  analyzed 
with  a  liquid  chromatograph  (LC-10A,  Shimadzu  Co.)  equipped 
with  a  refractive  index  detector  (RID-10A,  Shimadzu  Co.),  a  UV 
detector  (SPD-10A,  Shimadzu  Co.)  and  cation  exchange  resin 
columns,  ULTRON  PS-80H  (Shinwa  Chemical  Ind.)  and  Shim-pack 
SCR-102H  (Shimadzu  GLC  Ltd.). 

3.  Results  and  discussion 

3.1.  Oxidation  current  during  glycerol  electro-oxidation  at 
intermediate  temperatures 

The  electro-oxidation  of  glycerol  on  a  Pt/C  electrode  at  inter¬ 
mediate  temperatures  was  investigated  by  cyclic  voltammetry. 
Fig.  la  shows  a  cyclic  voltammogram  (CV)  for  the  electro-oxidation 
of  glycerol  at  250  °C.  As  references,  CV  curves  of  the  electro¬ 
oxidation  of  ethanol  and  ethylene  glycol  are  also  plotted  in  Fig.  lb 
and  c  [14,15],  as  measured  by  the  same  method  as  in  this  study.  The 
result  that  the  oxidation  currents  on  the  forward  and  backward 
potential  sweeps  were  almost  comparable  suggests  that  the  CV 
measurements  for  glycerol  oxidation  were  conducted  under 
a  quasi-steady  state  condition.  In  this  study,  we  subsequently  used 
a  sweep  rate  of  1  mV  s-1  to  obtain  a  quasi-steady  state  condition  for 
the  evaluation  of  reaction  kinetics  during  glycerol  electro- 
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Fig.  1.  Cyclic  voltammograms  for  the  electro-oxidation  of  alcohols  on  a  Pt/C  electrode 
at  250  °C  (iR-corrected).  (a):  Glycerol;  (b):  Ethanol;  (c):  Ethylene  glycol.  Glycerol  (1  mol 
%)/water  (80  moRQ/Ar  (19  moRS);  ethanol  (13  mol%)/water  (40  mol%)/Ar  (47  mol%) 
[14];  ethylene  glycol  (10  mol%)/water  (40  mol%)/Ar  (50  mol%)  [15];  sweep  rate: 
1  mV  s1. 


oxidation.  As  shown  in  Fig.  la,  the  onset  potential  of  glycerol 
electro-oxidation  was  observed  at  around  120  mV,  which  was 
significantly  reduced  compared  with  that  operated  at  around  room 
temperature  in  an  acidic  medium  and  even  in  an  alkaline  medium 
(onset  potential  >  500  mV)  [3,6],  This  result  is  favorable  in  terms  of 
decreasing  the  overpotential  for  DAFC  operation  and  resembles  the 
behaviors  for  ethanol  and  ethylene  glycol  electro-oxidation  [14,15], 
In  addition,  current  density  for  glycerol  electro-oxidation  was 
comparable  to  or  exceeded  those  for  ethanol  and  ethylene  glycol  in 
the  low  electrode  potential  region  (120-300  mV),  despite  the  low 
glycerol  concentration  (1  mol%)  compared  with  those  of  ethanol 
(13  mol%)  and  ethylene  glycol  (10  mol%)  fuels  in  gaseous  mixtures. 
This  result  clearly  indicates  that  glycerol  electro-oxidation  has 
a  high  activity  on  the  Pt  electrode  at  intermediate  temperatures.  At 


high  electrode  potentials  (300—500  mV),  gradual  saturation  of 
current  density  for  glycerol  electro-oxidation  was  observed  with  an 
increase  in  electrode  potential.  Similar  behavior  was  observed 
during  ethanol  electro-oxidation  [15],  One  of  possible  reasons  for 
the  saturation  of  oxidation  current  may  be  high  coverage  of 
adsorbed  OH  formed  by  dissociative  adsorption  of  water  onto  the  Pt 
surface. 

3.2.  Durability  of  Pt/C  electrode  toward  glycerol  electro-oxidation 

It  has  been  reported  that  glycerol  can  be  converted  into  valu¬ 
able  chemicals  through  a  series  of  reactions  involving  dehydration, 
cracking,  and  hydrogen  transfer  with  an  acid  catalyst,  wherein 
acrolein,  short  olefins,  aromatics,  acetaldehyde,  hydroxyacetone, 
acids,  and  acetone  were  formed  through  a  complex  reaction 
network  [22],  The  formation  of  oligomers,  olefins,  aromatics  and 
subsequent  coking  may  also  have  led  to  catalyst  degradation  in 
this  study.  To  investigate  glycerol  electro-oxidation  in  detail, 
guaranteed  electrode  durability  should  be  achieved.  Fig.  2  shows 
the  stability  of  current  density  with  elapsed  time  for  two  steam  to 
carbon  ratios  (S/C  =  13  and  27)  during  glycerol  electro-oxidation 
at  250  °C.  When  a  S/C  ratio  of  13  was  selected,  a  rapid  decrease 
in  the  oxidation  current  for  the  glycerol  electro-oxidation  was 
observed  and  afterward,  the  color  of  the  working  electrode  and  its 
circumference  had  changed  to  black  or  dark  brown.  A  possible 
reason  for  the  degradation  may  be  the  formation  of  oligomers  and 
subsequent  coking.  On  the  other  hand,  when  the  higher  S/C  ratio 
was  selected  (S/C  =  27),  degradation  in  the  current  density  was 
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Fig.  2.  Variation  of  current  density  with  time  during  glycerol  electro-oxidation  at 
250  °G  (a)  Short  term  stability  at  different  potentials  with  a  constant  steam  to  carbon 
ratio  (S/C  =  27).  (b)  Long  term  stability  with  different  steam  to  carbon  ratios  (S/C  =  13 
(409  mV)  and  27  (345  mV)).  Marked  points  by  asterisk  (*)  in  Fig.  2a  indicate  the  time 
when  a  sampling  bag  was  set  up  to  a  gas  line  to  collect  gaseous  products  (i.e.,  the 
setting  of  a  sampling  bag  caused  a  noise  of  measured  current  density). 
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suppressed.  A  stable  current  density  was  observed  at  all  tested 
potentials,  as  shown  in  Fig.  2.  In  a  further  long-term  stability  test 
at  550  mV,  the  degradation  rates  in  current  density  were  ca.  20% 
for  2  h,  and  ca.  30%  for  5  h.  A  high  S/C  ratio  may  generate  OH  on  Pt 
and  suppress  the  formation  of  oligomers,  olefins,  aromatics  and 
subsequent  coking,  which  results  in  a  relaxation  of  the  degrada¬ 
tion  of  the  Pt/C  catalyst.  To  evaluate  the  initial  catalytic  activity  of 
the  Pt/C  electrode,  all  subsequent  experiments  were  conducted  at 
a  S/C  ratio  of  27. 

3.3.  Reaction  products  analysis  in  glycerol  electro-oxidation  at 
intermediate  temperature 

Reaction  products  analysis  was  conducted  under  steady  state 
polarization  conditions  at  250  °C.  Detected  reaction  products  of 
Cl,  C2  and  C3  compounds  are  summarized  in  Table  1.  Main  reaction 
products  were  Cl  products:  CO2,  CO,  CH4;  C2  products:  C2H6  and 
glycolic  acid  (HOCH2COOH)  and  H2.  All  C3  products  were  detected 
as  minor  components.  Fig.  3a  and  b  show  concentrations  of 
the  main  reaction  products  defined  as  follows:  product  (i )/ 
^(products  +  glycerol  +  water  +  argon)  and  the  corresponding 
oxidation  current  density  is  plotted  in  Fig.  3c.  It  should  be  noted 
that  conversion  of  glycerol  estimated  from  reaction  products  was 
less  than  20%.  In  this  study,  observations  of  glycerol  oxidation 
current  were  conducted  under  a  low  glycerol  conversion  of  around 
10—15%  with  a  typical  flow  rate  of  32  ml  min-1  (seem)  in  the 
working  electrode. 

As  shown  in  Fig.  3a,  a  high  concentration  of  CO2  was  detected  at 
all  electrode  potentials  and  the  CO2  concentration  increased  with 
increasing  electrode  potential.  On  the  other  hand,  low  concentra¬ 
tions  of  CO  and  CH4  were  detected.  These  results  are  in  contrast  to 
the  results  found  in  ethanol  and  ethylene  glycol  electro-oxidation, 
in  which  high  concentrations  of  CH4  or  CO  were  detected  in  the 
reaction  products  [14,15],  The  oxidation  of  one  glycerol  molecule  to 
C02  yields  14  electrons,  while  oxidation  to  CO  yields  only  8  elec¬ 
trons.  Furthermore,  the  formation  of  CH4  incorporates  hydrogen 
atoms  and  it  is  not  easily  oxidized  once  it  is  formed  at  intermediate 
temperature.  Therefore,  a  high  selectivity  for  CO2  in  glycerol 
electro-oxidation  is  favorable  in  terms  of  the  effective  use  of  glyc¬ 
erol  as  a  fuel.  Although  glycolic  acid  and  C2H6  were  detected  as 
major  reaction  products,  their  concentrations  were  relatively  low, 
especially  at  each  tested  electrode  potential,  except  for  the  rest 
potential.  Furthermore,  the  concentrations  of  C3  compounds  were 
lower  by  over  one  order  of  magnitude  (<1/10)  than  the  Cl  reaction 
products.  These  results  suggest  that  rapid  C-C  bond  dissociation  of 
glycerol  occurs  at  250  °C,  which  results  in  a  high  selectivity  for  Cl 
compounds. 
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Table  1 

The  list  of  reaction  products. 

Hydrogen  (H2) 

Cl  Carbon  dioxide  (C02) 

Carbon  monoxide  (CO) 

Methane  (CH4) 

C2  Glycolic  acid  (H0CH2C00H) 

Ethylene  glycol  (HOCH2CH2OH) 

Acetic  acid  (CH3COOH) 

Ethane  (C2H6) 

Ethylene  (C2H4) 

C3  Hydroxyacetone  (acetol)  (CH3COCH2OH) 

Propionic  acid  (CH3CH2COOH) 

Acrolein  (acrylaldehyde)  (CH2=CHCH0) 
Acetone  (CH3C0CH3) 

1,2-Propanediol  (HOCH2CH(OH)CH3) 
Acrylic  acid  (CH2=CHC00H) 


Fig.  3.  (a)  Concentrations  of  Cl  reaction  products  and  H2  vs.  electrode  potential  for 
glycerol  electro-oxidation  under  steady  state  polarization  conditions  at  250  °C.  ▲:  H2; 
•  :  C02;  □:  CO;y:  CH4.  (b)  Concentrations  of  C2  reaction  products  vs.  electrode 
potential  for  glycerol  electro-oxidation  under  steady  state  polarization  conditions  at 
250  “C.  •:  Glycolic  acid  (H0CH2C00H);  ■:  Ethane  (C2H6).  (c)  Corresponding  current 
density  vs.  electrode  potential.  Glycerol  (1  mol%)/water  (80  mol%)/Ar  (19  mol%);  total 
flow  rate:  32  ml  min"1  (seem). 

It  should  also  be  mentioned  that,  at  the  rest  potential,  a  large 
amount  of  hydrogen  was  observed  as  a  major  product  as  well  as  the 
Cl  and  C2  main  products.  This  result  clearly  shows  that  not  only 
electro-oxidation  but  also  thermal  decomposition  and  steam 
reforming  of  glycerol  can  proceed  at  intermediate  temperatures.  A 
similar  result  for  hydrogen  production  at  the  rest  potential  was 
observed  in  our  previous  studies  on  ethanol  and  ethylene  glycol 
electro-oxidation  [14,15],  Regarding  the  dependence  of  reaction 
products  on  electrode  potential,  only  the  concentration  of  CO2 
increased  consistently  with  increasing  electrode  potential.  This 
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result  implies  that  total  oxidation  shown  in  Eq.  (1 )  proceeds  with  an 
increase  in  anodic  polarization. 

C3Hg03  +  3H20— >3C02  +  14H+  +  14e  (1) 

On  the  other  hand,  the  concentrations  of  hydrogen  and  glycolic 
acid  sharply  decreased  with  increased  anodic  polarization.  Addi¬ 
tionally,  according  to  their  sharp  decrease,  the  oxidation  current 
density  in  Fig.  3c  rose  sharply  in  the  low  electrode  potential  region. 
These  observations  suggest  that  at  intermediate  temperature  direct 
electro-oxidation  of  glycerol  and  hydrogen  production  via  thermal 
decomposition  and  steam  reforming  of  glycerol  and  subsequent 
hydrogen  oxidation  to  form  proton  occur  in  parallel.  Therefore, 
hydrogen  production  contributes  significantly  to  the  oxidation 
current,  resulting  in  a  high  current  density  even  in  the  low  elec¬ 
trode  potential  region  at  intermediate  temperatures. 

To  validate  the  present  products  analysis,  the  balance  between 
oxidation  current  and  detected  reaction  products  was  investigated 
as  follows.  First,  the  contributions  of  each  reaction  product  toward 
current  density  were  estimated  (ipro),  assuming  apparent  stoi¬ 
chiometric  reactions  corresponding  to  every  detected  reaction 
product.  The  assumed  reactions  are  listed  in  Table  2.  The  current 
densities  estimated  from  every  reaction  were  then  summarized 
(2ipr0).  Finally,  the  value  of  Sipro  was  compared  with  the  current 
density  (feiec)  measured  by  an  electrochemical  method  (i.e.,  /eiec  is 
the  same  as  that  in  Fig.  3c).  The  contributions  of  all  reaction 
products,  such  as  Cl,  C2,  C3  compounds  and  H2  (i.e.,  2ipro)  are 
plotted  against  electrode  potential  in  Fig.  4a.  Because  H2  is  detected 
as  a  residual  non-oxidized  product,  it  is  counted  as  a  negative 
contribution  toward  Sipro.  The  contribution  of  C3  reaction  products 
was,  however,  too  small  to  show  in  the  figure  because  of  their  low 
concentrations.  Although  2ipro  of  C2  products  was  scattered  with 
respect  to  electrode  potential,  the  contribution  of  Cl  products  was 
over  60%  for  2ipro  and  increased  with  increasing  electrode  poten¬ 
tial.  In  Fig.  4b,  2ipra  and  feiec  are  plotted  against  electrode  potential. 
Sipro  is  mostly  comparable  to  /eiec.  which  suggests  that  most  of  the 
feiec  originated  from  the  detected  reaction  products.  Slight  differ¬ 
ences  between  2ipro  and  feiec  were  observed  at  low  potentials 
(300—500  mV),  which  may  be  derived  from  the  accuracy  of  Cl  and 
C2  product  quantities. 

Fig.  5  shows  the  selectivity  of  Cl,  C2  and  C3  reaction  products 
based  on  the  number  of  carbon  atoms.  Selectivity,  Sn,  was  thus 
defined  as  follows: 


Sn 


nCCn 

Cc  t  +  2CC2  +  3CC3 


100  (n 


1,2,3) 


(2) 


where  Cc i,  Cc2,  Cc3,  and  n  are  the  concentrations  of  Cl,  C2,  C3 
reaction  products  and  the  number  of  carbon  atoms  in  the  reaction 


Table  2 

The  list  of  stoichiometric  reaction  equations  based  on  detected  reaction  products. 

<1>  C3H803  +  3H20  ->  7H2  +  3C02 

<2>  C3H803  ->  4H2  +  3CO 

<3>  C3H803  +  5H2  -*  3CH4  +  3H20 

<4>  C3H803  +  3.5H2  ^  1.5C2H6  +  3H20 

<5>  C3H803  +  2H20  -  HOCH2COOH  +  C02  +  4H2 

<6>  C3H803  +  2H2  ->  1.5C2H4  +  3H20 

<7>  C3H803  -►  1.5CH3COOH  +  2H2 

<8>  C3H803  +  0.5H2  —  1.5HOCH2CH2OH 

<9>  C3H803  +  H2  —  HOCH2CH(OH)CH3  +  H20 

<10>  c3h8o3  -  ch3coch2oh  +  h2o 

<1 1  >  c3h8o3  -»  ch3ch2cooh  +  h2o 

<12>  c3h8o3  -*  ch2=chcooh  +  h2  +  h2o 

<13>  C3H803  I  H2  ->  CH3COCH3  +  2H20 

<14>  C3H803  -*  CH2=CHCH0  +  2H20 
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Fig.  4.  (a)  Contributions  of  Cl,  C2,  C3  compounds  and  H2  to  current  density  (2ipro)  vs. 
electrode  potential.  White  bar:  Cl  products;  gray  bar:  C2  products;  black  bar:  H2.  (b) 
Comparison  of  2ipro  with  lelec.  • :  2ipr0;  □ :  felec.  Experimental  conditions  were  the 
same  as  in  Fig.  3. 


products,  respectively.  The  selectivity  of  C2  products  decreased 
with  an  increase  in  electrode  potential,  while  that  of  Cl  products 
increased  with  an  increase  in  electrode  potential  and  reached 
a  value  of  around  80%  in  the  high  electrode  potential  region.  The 
selectivity  of  C3  compounds  was  very  low  at  all  tested  electrode 
potentials.  These  results  clearly  show  the  high  activity  of  the  Pt/C 
electrode  toward  C— C  bond  dissociation  at  intermediate 
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Fig.  5.  Selectivity  for  Cl,  C2  and  C3  reaction  products  for  glycerol  electro-oxidation 
under  steady  state  polarization  conditions  at  250  °C.  •:  Cl;  A:  C2;  ■:  C3.  Experi¬ 
mental  conditions  were  the  same  as  in  Fig.  3. 
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temperatures.  The  ratio  of  C— C  bond  dissociation  was  estimated  by 
the  following  definition  of  Eq.  (3). 

C2  +  2/3(Cl-C2)  (M1+0.25M2) 

S^  =  2/3<C1+2C2  +  3C3)  -  M &  (  ) 

where  Mi,  M2,  Mau  are,  respectively,  the  sum  of  the  carbon  numbers 
in  Cl  products,  C2  products  and  the  summation  of  carbon  number 
in  all  reaction  products  Cl,  C2  and  C3.  As  shown  in  Fig.  6,  high  ratios 
of  C-C  bond  dissociation  were  obtained  at  all  electrode  potentials. 
As  mentioned  in  the  Introduction,  at  relatively  low  temperatures, 
a  low  C02  current  efficiency  (3—5%  at  around  600-700  mV)  was 
reported  [6],  This  suggests  that  the  slow  oxidation  kinetics  of 
glycerol  is  due  to  a  high  barrier  of  C— C  bond  dissociation.  On  the 
other  hand,  the  C-C  bond  dissociation  ratio  reached  70-80%,  at 
both  low  and  high  potentials  (>200  mV)  at  250  °C.  This  result 
suggests  that  the  C— C  bond  dissociation  of  adsorbed  C3  compounds 
is  accelerated  through  an  increase  in  operating  temperature, 
resulting  in  a  high  selectivity  for  Cl  and  C2  reaction  products, 
which  consequently  leads  to  the  efficient  use  of  glycerol  fuel  in 
DAFCs. 


conclusion,  the  results  presented  in  Figs.  3—7  are  mainly  explained 
by  the  parallel  reaction  route  mechanism  (Eq.  (4)). 


3.4.  Reaction  kinetics  in  glycerol  electro-oxidation  on  a  Pt/C 
electrode  at  intermediate  temperatures 

To  further  understand  the  reaction  mechanism  in  glycerol 
electro-oxidation  at  around  250  °C,  the  dependence  of  oxidation 
current  on  flow  rate  was  investigated.  Cyclic  voltammograms  per¬ 
formed  with  different  flow  rates  between  32  and  128  ml  min-1 
(seem)  are  shown  in  Fig.  7.  With  an  increase  in  flow  rate,  the  rest 
potential  (i.e.,  onset  potential)  shifted  to  the  positive  side  and  the 
current  density  decreased,  especially  in  the  low  and  middle  elec¬ 
trode  potential  region  (120—400  mV).  In  addition,  with  higher  flow 
rate,  lower  concentration  of  hydrogen  production  was  observed. 
These  results  suggest  that  the  current  density  is  strongly  influenced 
by  the  amount  of  hydrogen  production  via  thermal  decomposition 
and  steam  reforming  of  glycerol.  Therefore,  the  behavior  of  CV 
curves  in  Fig.  7  can  support  a  parallel  reaction  route  mechanism 
between  hydrogen  production  (indirect  route)  and  direct  electro¬ 
oxidation  of  glycerol  (direct  route),  as  mentioned  above.  At 
potentials  higher  than  400  mV,  the  CV  curves  mostly  become 
comparable  despite  differences  in  flow  rate,  suggesting  that  the 
direct  electro-oxidation  becomes  dominant  at  high  potentials.  In 


C3H803  ,n,  H2  +  Cn(n  =  1  -  3)  -2H+  +  2 
Ba0) > 3C02  +  14H+  +  14e  (b) 

<7total  =  ^indirect  +  ^direct) 


It  should  be  noted  that  the  proposed  mechanism  is  very  similar 
to  our  previous  studies  on  ethanol  and  ethylene  glycol  electro¬ 
oxidation  [14,15].  The  indirect  reaction  route  (Eq.  (4a))  for  H2 
oxidation  may  involves  a  mass  transport  process  as  well  as  a  charge 
transfer  process  because  the  H2  concentration  is  very  low.  The 
direct  reaction  route  (Eq.  (4b))  is  described  by  a  charge  transfer 
process  for  glycerol  oxidation. 

To  evaluate  the  apparent  activation  energy  of  glycerol  electro¬ 
oxidation,  CV  measurements  were  conducted  at  various  tempera¬ 
tures  between  235  and  260  °C.  Fig.  8  shows  the  forward  potential 
sweep  of  cyclic  voltammograms  performed  at  different  tempera¬ 
tures.  Higher  current  densities  were  observed  with  increasing 
temperature,  especially  at  low  and  middle  electrode  potentials 
(120—500  mV).  However,  the  current  densities  were  saturated  and 
became  almost  comparable  at  around  700  mV.  This  observation 
may  be  caused  by  a  high  coverage  of  adsorbed  OH  on  the  Pt  surface, 
derived  from  the  dissociation  of  water  at  high  electrode  potentials. 
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Generated  OH  prevents  glycerol  from  adsorbing  on  the  Pt  to  reduce 
the  oxidation  current  at  high  electrode  potentials. 

Arrhenius  plots  for  the  current  densities  at  various  electrode 
potentials  below  500  mV  are  shown  in  Fig.  9a.  Linearity  between  the 
natural  logarithm  of  the  current  density,  In  i,  and  the  inverse  of 
reaction  temperature  was  observed  at  these  electrode  potentials.  If 
we  assume  that  the  reaction  proceeds  according  to  the  Butler— Volmer 
equation  (Eq.  (5))  for  anodic  current,  the  apparent  activation 
energy,  Ea>  for  each  electrode  potential,  E,  is  represented  by  Eq.  (6). 

1 "  ,ffitei,(-|r)exp((1  (5> 

E‘  =  -g(sm>),-c‘-o-0-“>nFC  (6) 

where  n,  F,  A,  a  and  R  are  electron  transfer  number,  Faraday 
constant,  pre-exponential  factor,  transfer  coefficient  and  gas 
constant,  respectively.  Thus,  Eq.  (6)  suggests  a  linear  relationship 
between  Ea  and  E  with  the  slope  of  -(1  -  «)nF,  if  the  rate¬ 
determining  step  involves  a  charge  transfer  reaction. 

The  apparent  activation  energies  evaluated  from  each  slope  of 
the  Arrhenius  plots  using  Eq.  (6)  are  shown  in  Fig.  9b.  Accuracy  for 
Ea  was  also  estimated  by  considering  the  degradation  of  glycerol 
electro-oxidation  on  the  Pt/C  electrode.  As  shown  in  Fig.  9b,  the 
apparent  activation  energy  decreased  from  70  to  20  kj  mol”1  with 
an  increase  in  electrode  potential  from  150  to  500  mV,  which  shows 
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Fig.  9.  (a)  Arrhenius  plots  for  current  densities  for  glycerol  electro-oxidation  at 
different  electrode  potentials,  (b)  Apparent  activation  energies  in  electro-oxidation  of 
glycerol  ( • )  and  ethylene  glycol  ( □ )  vs.  electrode  potential. 


a  linear  relationship  with  the  electrode  potential.  For  reference,  the 
Ea  of  ethylene  glycol  (C2  polyalcohol)  evaluated  at  intermediate 
temperatures  is  also  plotted  in  Fig.  9b,  which  was  recalculated  by 
Eq.  (6)  using  the  data  in  the  literature  [15],  The  dependence  of  Ea  on 
electrode  potential  for  glycerol  and  ethylene  glycol  is  contrary  to 
this  result,  i.e.,  the  former  has  a  linear  relationship  with  electrode 
potential,  while  the  latter  is  mostly  independent  on  electrode 
potential.  The  rate-determining  step  in  ethylene  glycol  electro¬ 
oxidation  may  involve  a  potential  independent  step  such  as  C-C 
(or  C— H)  bond  dissociation  during  early  reaction  steps.  On  the 
other  hand,  the  rate-determining  step  in  glycerol  electro-oxidation 
should  involve  a  potential-dependent  step.  The  reaction  products 
analysis  shows  that  C3  reaction  products  were  minor,  suggesting 
that  C-C  bond  dissociation  of  glycerol  during  early  reaction  steps 
can  proceed  rapidly  on  Pt/C.  Possible  reactions  dependent  on  the 
electrode  potential  are  hydrogen  oxidation  (H2  — *  2H+  +  2e”)  and 
OH  formation  from  water  (H20  — >  OHads  +  H+  +  e”)  but  the  former 
is  generally  a  rapid  process.  Considering  the  above,  subsequent 
oxidation  of  intermediate  species  by  OH,  followed  by  the  C— C  bond 
dissociation  of  glycerol,  is  plausible  as  a  rate-determining  step.  A 
more  detailed  reaction  route  is  discussed  below. 

3.5.  Reaction  mechanism  of  glycerol  electro-oxidation  on  a  Pt/C 
electrode  at  intermediate  temperatures 

It  was  found  that  both  hydrogen  production  and  direct  electro¬ 
oxidation  of  glycerol  proceeded  in  parallel.  Furthermore,  both  high 
CO2  selectivity  and  low  CO  and  CH4  selectivity  were  observed.  In 
this  section,  the  reaction  mechanism  of  glycerol  electro-oxidation  is 
discussed  in  detail.  According  to  the  current  results  and  previous 
reports,  including  density  functional  theory  (DFT)  calculation  for 
glycerol  decomposition  on  a  Pt  surface  [3,5,9,23],  a  schematic 
reaction  mechanism  at  intermediate  temperature  is  proposed  in 
Fig.  10,  in  which  the  main  and  sub-reaction  paths  are  described.  The 
main  reaction  path  involves  the  formation  of  Cl  products  and  the 
sub-reaction  path  involves  the  formation  of  C2  and  C3  products. 
According  to  the  DFT  calculation  previously  reported  [23],  the 
activation  energy  for  C-C  bond  dissociation  is  higher  than  that  of 
C— H  bond  dissociation  for  glycerol  and  for  intermediates 
((CHxOyHz^ads)  during  the  early  stage  of  dehydrogenation.  On  the 
other  hand,  after  the  removal  of  several  hydrogen  atoms  from  the 
intermediates  (C— H  bond  dissociation  of  (CHxOyHz)3  acis),  the  acti¬ 
vation  energies  for  both  C-H  and  C-C  bond  dissociations  become 
comparable.  Therefore,  as  shown  in  Fig.  10,  on  the  Pt  surface,  C— H 
bond  dissociation  may  proceed  rapidly  (reaction  2),  and  then  C— C 
bond  dissociation  occurs  to  form  (CHxOyHz)2,ads  and  CHxOyHzad5 
(reactions  3  and  3').  Because  methanol  and  formic  acid  were  not 
detected  in  this  study,  the  oxidation  of  CHxOyHz  ads,  which  may  have 
a  similar  molecular  structure  to  an  intermediate  in  the  oxidation  of 
methanol,  will  rapidly  proceed  and  then  form  CO2  as  a  major 
reaction  product  via  oxidation  of  COads  by  OHads  (reactions  7  and  9). 
Because  the  S/C  ratio  was  high  (S/C  =  27)  in  this  study,  adsorbed  CO 
could  easily  be  oxidized  to  C02  and  thus  very  high  C02  selectivity 
was  achieved  under  the  present  condition. 

Meanwhile,  part  of  the  C3adS  may  react  via  dehydration, 
hydrogenolysis  and  dehydrogenation  to  convert  to  other  C3ads 
intermediate  species  (reactions  11, 12  and  13),  and  then  desorb  to 
form  C3  compounds  such  as  hydroxyacetone  (acetol),  propionic 
acid,  acrolein,  acetone,  1,2-propanediol  and  acrylic  acid.  However, 
those  selectivities  were  very  low,  because  rapid  C— C  bond  disso¬ 
ciation  occurs  at  intermediate  temperatures.  As  for  the  formation  of 
C2  compounds,  if  just  one  C-C  bond  dissociation  of  glycerol 
proceeds  to  form  C2adS  intermediate  species  (reaction  3').  C2 
compounds  such  as  glycolic  acid,  ethylene  glycol,  acetic  acid,  C2H5 
and  C2H4  can  be  generated  (reactions  15—20). 
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Main  reaction  paths  Sub-reaction  paths 

(Cl  products  formation)  (C2  and  C3  products  formation) 


3ho 


Numbers  of  H  and  O 
x  =  0-3 
y  =  0-2 
z  =  0  or  1 

Recombination  reaction 
2IU  ->  H2 


H2  forms  via  recombination  of  Hads  (reaction  21),  which  is 
mainly  generated  via  dehydrogenation  of  glycerol  (reaction  2).  Part 
of  the  H2  adsorbs  onto  Pt  again  (reaction  22)  and  is  oxidized  to  form 
protons  (H+).  For  the  charge  transfer  reaction,  dissociative 
adsorption  of  water  to  form  OHads  and  oxidation  of  adsorbed  H 
atoms  to  form  H+  are  considered  (reactions  23  and  24). 

For  the  efficient  use  of  fuel,  high  Cl  selectivity  and  low  C2  and 
C3  selectivity  are  required.  In  addition,  high  C02  selectivity  and  low 
CO  and  CH4  selectivity  in  Cl  products  are  desirable.  To  achieve  high 
selectivity  of  C02,  acceleration  of  C-C  bond  dissociation  (reaction 
3),  rapid  oxidation  of  intermediates  by  adsorbed  OH  (reactions  5 
and  7),  and  suppression  of  C-0  bond  dissociation  (reactions  6, 11  - 
13, 17, 18)  are  necessary.  In  this  study,  a  high  selectivity  for  C02  and 
low  selectivity  for  CO  and  CH4  in  glycerol  electro-oxidation  were 
observed.  This  result  suggests  that  C-C  bond  dissociation  pro¬ 
ceeded  rapidly  but  C-0  bond  dissociation  was  adequately  sup¬ 
pressed  during  the  present  glycerol  electro-oxidation.  Therefore, 
a  high  carbon  to  oxygen  (C/O)  ratio  in  a  molecule  is  also  useful  for 
fuel  to  realize  high  C02  selectivity.  This  view  agrees  with  the  results 
in  ethanol  and  ethylene  glycol  electro-oxidation  at  intermediate 
temperatures  [14,15],  The  present  study,  however,  indicates  that 
stable  electro-oxidation  of  glycerol  requires  a  very  high  S/C  ratio  (S/ 
C  =  27).  In  the  electro-oxidation  of  ethylene  glycol,  a  relatively  high 
selectivity  for  CO  was  observed  when  the  S/C  ratio  was  not  high  (S/ 
C  =  1-2).  Therefore,  high  C02  selectivity  and  low  CO  selectivity  in 
the  glycerol  electro-oxidation  may  be  achieved  by  a  high  S/C  ratio. 
To  achieve  further  improvements  in  glycerol  electro-oxidation, 
investigation  of  the  reaction  mechanism  at  low  S/C  ratios  and 
mitigation  of  the  degradation  of  catalyst  should  be  carried  out. 


4.  Conclusions 

Glycerol  electro-oxidation  on  the  Pt/C  electrode  was  conducted 
at  intermediate  temperatures  (235—260  °C)  in  combination  with 
a  reaction  products  analysis.  Through  the  measurements,  the 
following  results  and  conclusions  were  derived :  ( 1 )  A  high  oxidation 
current  during  glycerol  electro-oxidation  was  observed  even  at 
a  dilute  glycerol  concentration  (1  mol%),  which  is  roughly  compa¬ 
rable  to  those  measured  in  the  electro-oxidation  of  C2  alcohols  such 
as  ethanol  (13  mol%)  and  ethylene  glycol  (10  mol%).  (2)  Stable 
operation  during  glycerol  electro-oxidation  at  around  250  °C 
requires  a  high  S/C  ratio  (e.g.,  S/C  =  27).  Under  a  low  S/C  condition, 
rapid  degradation  of  Pt/C  electrode  performance  and  a  change  in 
color  of  the  electrode  surface  were  observed.  (3)  Hydrogen 
production  via  thermal  decomposition  and  steam  reforming  of 
glycerol  (indirect  path)  and  direct  electro-oxidation  of  glycerol 
(direct  path)  proceed  in  parallel  and  both  the  reactions  contribute  to 
total  oxidation  current.  (4)  The  main  reaction  products  were  Cl 
products:  C02,  CO,  CH4;  C2  products:  C2H6  and  glycolic  acid 
(HOCH2COOH)  and  H2.  All  C3  products  were  detected  at  minor 
levels.  The  products  analysis  also  shows  that  total  oxidation  (i.e.,  C02 
formation)  can  proceed  smoothly  at  the  intermediate  temperature. 
(5)  C— C  bond  dissociation  ratio  reached  70—80%  at  both  low  and 
high  potentials  (>200  mV)  at  250  °C  and  the  selectivity  for  Cl 
products  (C02,  CO  and  CH4)  increased  with  increasing  electrode 
potential  and  reached  a  value  of  around  80%  in  the  high  electrode 
potential  region.  (6)  The  apparent  activation  energy  for  the  direct 
electro-oxidation  of  ethylene  glycol  was  70—20  kj  mol-1  at  electrode 
potentials  between  150  and  500  mV.  A  linear  relationship  between 
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activation  energy  and  electrode  potential  suggests  that  the  rate¬ 
determining  step  in  glycerol  electro-oxidation  involves  a  poten¬ 
tial-dependent  step.  One  possible  rate-determining  step  is  the 
oxidation  step  of  intermediate  species  formed  after  C-C  bond 
dissociation  of  glycerol  by  adsorbed  OH.  These  observations  provide 
new  insights  into  the  polyol  oxidation  mechanism  and  suggest 
strategies  for  the  effective  operation  of  DAFCs. 
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